Yield and fatigue strength of pure titanium periodic plates were investigated for three different mesh designs using acoustic emission (AE) method. Simulations of tensile test were also conducted to estimate yield strength numerically and compare with experiments. By analyzing AE during deformation, it was found that the origin of multiple AE count rate peaks is due to various yielding locations inside the specimens. For fatigue experiments, AE was used to detect the time of first fracture as it corresponds to the failure of a single cell. However, the difference in time with the final fracture of the plate was not significant, especially for low stress amplitude.
Introduction
Mesh plates are two-dimensional grids whose microstructure repeats periodically in space. They have received particular interest in fields where multifunctional properties are desirable such as weight savings, heat transfer or energy absorption. They also have been particularly studied in medical application as implants for the healing of mandibular fractures due to their excellent biocompatibility and their adaptability to the complex shape of the bone. 13) To ensure an efficient bone reconstruction mechanical properties of bone and implant have to be close in order to prevent bone atrophy due to excessive stress-shielding. 4) Therefore, the evaluation of mechanical properties plays a crucial role for the development of efficient implant. 5) Especially, the knowledge of initial yield strength and fatigue strength is of great importance as they are the most applicationlimiting. 6) Generally, mechanical properties are investigated by analytical or numerical methods. The main objective is to get macroscopic properties based on the effective properties of a single base cell. Analytical approaches are usually based on certain assumptions such as the beam behavior of the cell walls. 7) They provide reliable results for cells that have simple design but show their limits for complex shapes. On the other hand, numerical techniques such as asymptotic homogenization (AH) have shown their accuracy to predict properties for all kind of lattice designs. 8) They also present the advantage of displaying the stress distribution in the cell which allows evaluating the strength and damage location. However, the comparison of these results with experiments has received less attention. Indeed, it has been shown from simulations and experiments that the strength and stiffness mainly depend on the size of the specimen compared with the cell dimension. 9, 10) Especially, the strength tends to decrease when the ratio of specimen size to cell size decreases due to the effect of cells on the edge. For that reasons comparison between simulation and experiment is often difficult.
Acoustic emission (AE) measurement refers to a nondestructive technique used to detect elastic waves generated by the release of strain energy stored in a solid when deformed or fractured. It has been reported that deformation mechanisms of Ti can be effectively evaluated by AE method. 11) Especially yielding is related with a large number of AE events. In most lattice materials, the transition between elastic to plastic behavior under tensile loading does not exhibit a well-defined yield point, especially when the stiffness is low. Therefore, AE can be an efficient tool to evaluate the yield strength as it allows real-time in-situ monitoring during experiments.
The object of this study is to evaluate uniaxial static and fatigue properties of mesh plates by AE method. Results of tensile experiments were analyzed and compared with asymptotic homogenization results from simulation.
Materials and Method

Specimens
Three different mesh designs were considered for the study and are presented in Fig. 1 . For convenience, the specimens were labeled Cell 1, 2 and 3. They were developed to have stiffness close to that of the mandibular bone as well as to prevent high stress around the screw region as it is a major cause of failure in the healing process. 12) They respectively have a relative density of 57%, 40% and 60%. The material used in this study was unalloyed commercial pure (CP) titanium grade 1 rolled sheet with a thickness of 0.3 mm. Samples were made by laser cutting process. Figure 2 shows the design of the samples.
Tests procedures
Tensile tests were carried out at room temperature using a universal tensile machine (MMT-500N, Shimadzu Co., Japan). The strain rates were 3.2 © 10 ¹4 , 2.7 © 10 ¹4 and 1.7 © 10 ¹4 s ¹1 respectively for Cell 1, 2 and 3, which corresponded to constant displacement of 2 © 10 ¹3 mm s ¹1 . The cross section considered for the calculation of the average stress was based on simulation of the full specimens. The section was chosen as a multiple of the cell width so that the stiffness of the sample would be close to that of a unique cell. However, due to a small specimen width to cell width ratio (between 3 to 5), a certain mismatch in the average stress is noted. For that reason, the comparison between experiment and simulation is mainly based on the average strain. In addition, AE measurement was performed using Continuous Wave Memory (CWM) developed by our group. 13) A piezoelectric transducer (M304 Fuji Ceramics, Japan) with a resonant frequency of 300 kHz was used in all experiments. The signal was amplified and filtered by a highpass filter of 100 kHz to remove the noises from environment. Threshold levels were set from 60 dB to 80 dB to detect AE events.
Fatigue tests were undertaken with a stress ratio of 0.1 to prevent the plate to go under compression, at a frequency of 10 Hz. The root mean square (RMS) voltage of the AE signal was calculated to detect the time of first fracture inside the sample. The stress amplitude against number of cycle was plotted for both the time of first and last fracture.
Numerical method
Simulations of uniaxial traction on a single base cell were carried out by commercial software package Abaqus 6.13 (Simulia). Titanium was modeled as a homogeneous, isotropic, elasto-plastic material with a Young's modulus of 102.7 GPa and a Poisson's ratio of 0.36.
14) The stress-strain behavior in the plastic region was extracted from tensile test. The yield strength of titanium is 214 MPa.
Considering the low thickness of the cells, 2D four-node and three-node element type, CPS4R and CPS3, with planestress formulation were used. Periodic boundary conditions were imposed on the edges of the cells to ensure the periodicity of the stress and strain fields. Prescribed displacements were set on the remaining edges to reproduce uniaxial traction behavior. The stress and strain fields were then computed and the macroscopic effective stress was calculated as follows:
Where is the macroscopic effective stress, · is the local stress, y i is the dimension of the cell in the i-direction and Y is the volume of the cell. Yielding is considered when any local element in the cell reaches the yield strength of the bulk material.
15)
3. Results Figure 3 shows the distribution of the von Mises stress of each cell at the strain increment corresponding to the initial yielding. Considering the lack of symmetry in Cell 1, two locations can be noted that are equivalent in term of stress level. On the other hand the two orthogonal symmetries and the hexagonal rotation invariance of Cell 2 and 3 ensure eight elements that undergo plastic deformation simultaneously. From the results of simulation, the yield strengths were 3.85 MPa, 23.1 MPa and 14.1 MPa for Cell 1, 2 and 3, respectively.
Evaluation of static properties by simulation
AE activity during deformation process
Figures 4(a)(c) shows the stress-strain curve and AE count rate of Cell 1, Cell 2 and Cell 3, respectively. In each specimen, AE events occurred early in the tensile stage and continued to happen until fracture. The AE count rate of Cell 1 presents three major peaks in the early stage of the curve, at 0.4%, 1% and 1.6% strain which correspond to 5 MPa, 10 MPa and 13 MPa. The AE count rate of Cell 2 increases quickly until reaching a peak at about 0.6% strain corresponding to 5253 MPa. The AE count rate of Cell 3 increases slowly until reaching the first peak at 0.50.6% strain then increases again to reach a peak at 1% strain. It is worth noting that the second peak is located in the plastic region of the stress-strain curve. An explanation of the AE behavior will be given in the discussion section. Figure 5 shows the AE signal (RMS voltage and AE count rate) during a fatigue experiment. The AE count rate shows three stages in the fatigue process. The first stage refers to the beginning of the experiment and corresponds to the stressstrain cycle stabilization. It corresponded with few AE events as seen during tensile tests, due to dislocation movements and cyclic hardening or softening. The second stage, also known as the incubation stage, is relatively quiet due to steady-state dislocation motion. The length of this stage mainly depends on the value of the stress amplitude. The last stage starts after the first significant RMS peak occurs which is related to a fracture of one of the cell inside the sample. The strain starts increasing due to stress concentration and more cracks occur until the final fracture of the specimen. This stage shows an increase in the AE count rate as seen in Fig. 5 .
AE signal and fatigue experiments
The stress amplitude against number of cycle of the three cells for both the time of first and final AE peak is shown in 
Discussion
Origin of AE during deformation process
The AE measurement in this study shows uncommon results compared with traditional AE recording on raw materials. To analyze the origin of AE peaks, other simulations were conducted. In these simulations, the strain at which the von Mises stress of each element inside the cells exceeds a certain stress threshold was recorded. The normalized histogram of these elements was plotted against the AE count rate for each cell. In raw material under tensile loading, the histogram presents a unique peak as every element inside the specimen receives the same stress. However, as seen in Fig. 3 , the stress inside a lattice material is not homogeneous and differs from one element to another. Figure 7 presents the ratio of elements exceeding a stress threshold and the AE count rate of Cell 1, 2 and 3. Considering Cell 1, the histogram shows various peaks from 0.7 to 2% strain. The first peak corresponds to the initial yielding in the simulation. It occurs at the same time that the first AE peak which confirms that it can be related with initial yielding of the cell. Until 2% strain the number of element which exceeds the stress threshold increases. Other AE peaks are then related with new parts yielding. At 2% strain, about 6% of the elements has a stress greater than the threshold which explains the relatively low strength of the cell. After 2% strain the AE count rate decreases which is confirmed by the simulation as fewer elements exceeds the threshold. Indeed it is admitted that acoustic emission in pure metals are mainly emitted around yielding area because of the quick release of elastic energy due to the starting of dislocation motion. 12, 16) At a 220 MPa stress threshold, the histogram of Cell 2 shows the best fitting with the AE count rate. First elements exceeding the stress threshold occurs at 0.2% strain where the AE shows a minor peak. The location of the major peak is also well explained by the histogram as it corresponds to the strain at which the highest number of elements exceeds the threshold. At 1% strain, 37% of the cell has yielded. This number keeps increasing until the fracture of the specimen which explains later peaks after yielding.
In Cell 3, the first elements which go over the threshold are at 0.2% strain which corresponds to the moment where the AE count rate starts increasing. Overall the histogram gives good agreement with the AE count rate. However, it is worth noting that the threshold used is higher than the two other thresholds. One reason behind that can be the plane-stress assumption in simulations which neglects the out-of-plane terms, especially · 33 , and then might overestimate the actual stress inside the cell.
Comparison of fatigue curves
From the results of experiments, Cell 1 shows the lowest fatigue strength while Cell 2 presents the highest one. The ranking of the S-N curves is the same than that of the initial yield strength. The difference of time between the pairs of curves is not significant as the final fracture happens relatively quickly after the first AE peak. Actually, it is worth noting that the difference is about one magnitude order lower than the number of cycle value. Also, one can note that the slops of the curves are very similar meaning that it is mainly dependent on the material choice and less on the design of the cell.
Conclusions
In the present study, the AE method was used to evaluate static and fatigue properties of mesh plates, and following conclusions are drawn:
(1) Initial yielding of mesh plates was related with the moment that AE count rate starts increasing. AE revealed that initial yielding occurred early in the stress-strain curve. (2) Origin of multiple AE count rate peaks was confirmed by simulation. The stress heterogeneity inside the cells involved different time of yielding for the elements inside the cells depending on their locations. (3) RMS values of AE signal allowed detecting the time of first fracture inside the cells during fatigue tests. However the time difference with final fracture of the plate is not significant.
